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 Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related deaths in
both men and women in Canada and the United States and has the most dismal survival rates
among any solid malignancy. Most patients are diagnosed with pancreatic cancer once the
disease has progressed into an advanced ormetastatic stage,making the only curative approach
of resection surgery impossible. The persistent delayed ormissed diagnosis of pancreatic cancer
can be attributed to the absence of early symptoms and the lack of efficient non-invasive
screening or diagnostic tests in clinical practice. Given that earlier diagnosis is critical for
ameliorating patients' survival rates, there is an urgent need for biomarkers with enough
sensitivity and specificity to help diagnose pancreatic cancer early. Serological biomarkers
provide aminimally invasive and efficient way of detecting pancreatic cancer, however, there is
currently no marker with sufficient diagnostic sensitivity and specificity to identify early cancer
patients. This review focuses on the classical tumor markers for PDAC as well as emerging
markers. In addition, we will discuss an integrative proteomic approach used in our lab to
identify a panel of biomarkers that have the potential to allow the early detection of PDAC.
This article is part of a Special Issue entitled: From protein structures to clinical applications.
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1. Introduction

Despite the increase in research interest and advancement in
the understanding of pancreatic cancer over the past few
decades, it remains one of the deadliest solid malignancies
affecting mankind. It has a 5-year relative survival rate of less
than 5%, a median survival rate of less than 6 months and is
the fourth leading cause of cancer-related deaths in men and
women in Canada and the United States despite being only
the tenth most common form of cancer [1,2]. The mortality is
almost identical to its incidence rate for this devastating
disease and it is estimated that there will be 43,920 new cases
and 37,390 deaths from the disease in the U.S. in 2012 [1].
There are several types of pancreatic cancer, the most
common being pancreatic ductal adenocarcinoma (PDAC),
which accounts for approximately 90% of all pancreatic
cancers [3] and for which this review will focus on.

The poor prognosis of PDAC is the result of its silent nature,
high metastatic potential and resistance to conventional
therapies. To date, the only potentially curative treatment is
surgical resection, with the overall five-year survival rate
improving to 40% if the tumor is detected at less than 20 mm
and to 75% when tumors are detected at less than 10 mm [4].
Unfortunately only approximately 20% of the PDAC patients
have their cancers detected at a stage at which surgical
resection remains a viable option [5]. Once the disease has
progressed into an advanced stage, chemotherapy, radiation or
any combinatorial therapies are mostly palliative and have
minimal improvement on the patient survival [6].

The inability to detect pancreatic cancer in its early
treatable stage is a critical clinical problem. Unfortunately,
early PDAC is characterized by a lack of clinical symptoms and
when symptoms are present they are generally non-specific
(back pain, weight loss, and digestive problems) and do not
lead to disease detection. Although a standardized screening
strategy is still maturing, the current screening practice
commonly includes high risk individuals carrying genetic
abnormalities associated with pancreatic cancer, with more
than 2 first degree relatives diagnosed with pancreatic cancer,
however, such patients only account for less than 5% of all
pancreatic cancer [7]. Increasing evidences have shown that
new-onset diabetes is present in approximately half of
the pancreatic cancer patients, and its occurrence is prevalent
even in early stage, asymptomatic pancreatic cancer pa-
tients [7]. Therefore, new-onset diabetes may represent a
high risk population group to screen for asymptomatic
pancreatic cancer [7]. Given that type 2 diabetes is common
and pancreatic cancer is rare in the general population,
screening all new-onset diabetic patients for pancreatic
cancer is not cost-effective without a reliable marker to
differentiate between pancreatic cancer-associated diabetes
from the more prevalent type 2 diabetes [7]. There have been
studies attempting to identify potential candidate biomarkers
for pancreatic cancer-associated diabetes, however there is
currently no specific marker available since they were either
unsuccessful in consequent validation studies or remain to be
validated [7–10]. Even if such a marker is found, it may not
detect pancreatic cancer in patients without pancreatic
cancer-associated diabetes. This leads to the urgent need of
the discovery and validation of biomarkers that can help
detect PDAC at an early stage in all patients and improve the
survival of pancreatic cancer patients.

Although it has been commonly believed that pancreatic
cancer progresses and develops metastases too rapidly for
early detection to be practical, new research indicates
otherwise. Two recent studies analyzing the progression of
PDAC usingmathematical analyses of tumor genetic sequenc-
ing data showed that it may take up to about 10 years after
tumor initiation for pancreatic cancer cells to acquire the
metastatic capacity to spread to distant organs [11,12]. Based
on this finding, there appears to be a long window of
opportunity for the detection of pancreatic cancer at an early
stage, reinforcing the importance for researchers to discover
and validate novel methods for the early detection of
pancreatic cancer (Fig. 1).

Diagnostic tests of pancreatic cancer include computer-
ized tomography (CT) scan, endoscopic ultrasound (EUS)
and endoscopic retrograde cholangiopancreatography (ERCP)
[13,14]. Owing to the fact that these imaging parameters are
costly, potentially invasive and time consuming, they are
usually performed only after the onset of symptoms. These
imaging methods are powerful, yet they are not designed to
detect early premalignant lesions, or PDACwhen the tumor is
small and potentially resectable. In addition, it is often
difficult to differentiate chronic pancreatitis from pancreatic
cancer. Due to their low cost, and minimal invasiveness,
serumbased biomarkers remain an idealmethod for which to
detect PDAC in its early stages. The past decade has seen a
plethora of advancements in the field of proteomics, which
coupled to the interest in early PDAC detection, and has led to
numerous publications on the identification of potential
biomarkers for clinical use in pancreatic cancer detection.
This review focuses on themost widely used PDAC biomarker
CA19-9, emerging novel protein markers and our identifica-
tion of a biomarker panel using an integrative proteomic
approach.



Fig. 1 – The need for additional new biomarkers. Two collaborative investigating groups suggested that it takes up to
approximately 15 years from tumor initiation to the development of a parental clone, which eventually develops into
subclones with metastatic potential. The chances of survival decline rapidly once the disease has progressed into later stages.
The poor prognosis of this devastating disease is partly attributed to the poor diagnostic value of the currently used
biomarkers, resulting in the majority of patients being diagnosed at a point at which the tumor has acquired metastatic
potential. Therefore, there is an urgent unmet need of new biomarkers to detect pancreatic cancer in its early stages to improve
patient survival.
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2. Conventional serum markers for
pancreatic cancer

Current serum markers used for pancreatic cancer include
carbohydrate antigen CA19-9 (Table 1) and carcinoembryonic
antigen (CEA). Below we will discuss their discovery, perfor-
mance characteristics and clinical utility. This will serve to
highlight the usefulness of the currently available markers,
while demonstrating the clear need for the identification of
new markers.

2.1. Carcinoembryonic antigen CEA

CEA is a glycoprotein discovered in 1965 by Gold and
Freedman in human colon cancer [15]. CEA was the first
tumor marker of any clinical value for the detection of
pancreatic cancer. An analysis summarizing 13 published
reports totaling 1323 patients found that CEA shows a median
sensitivity of 54% and amedian specificity of 79% [16]. The low
sensitivity precludes its ability to be used for the screening of
PDAC. In addition, as many tumor types such as breast,
Table 1 – CA19-9 advantages and disadvantages.

Advantages Disadvantages

Can be used to monitor
patients under therapy

Not suitable for screening or diagnosis

Can be used for assessing
prognosis (overall survival)

Lewis blood group-dependent
(is not produced in patients with
Lea−b− phenotype, regardless of
tumor burden)

It provides additional
information for therapeutic
decisions

Not specific to pancreatic cancer
elevated in benign disorders
stomach, and colorectal also express CEA, it does not have
adequate specificity to be used as a detection or monitoring
biomarker for pancreatic cancer [17]. As a result, during the
last 20 years, CEA has been replaced by CA19-9 which has
better diagnostic performance [18].

Given that CEA is not to be used alone, its clinical
usefulness may lie in its combination with other biomarkers
as a panel for early detection purposes. When used together
with CA19-9 in 123 pancreatic cancer patients and 58 patients
with benign pancreatic diseases (chronic pancreatitis, pan-
creatic pseudocyst), their sensitivity and specificity were 86%
and 72% respectively, showing an improvement on the
sensitivity of either marker alone [19]. However, insufficient
data is available to justify its use in the diagnosis of pancreatic
cancer even when combined with CA19-9 [20,21].

2.2. Carbohydrate antigen CA19-9

The carbohydrate antigen CA19-9 was discovered in 1981 in the
search for more reliable and specific diagnostic markers than
CEA levels in gastrointestinal cancers [22,23]. CA19-9 was
identified as a tumor-associated antigen in a screen of
monoclonal antibodies produced from mice immunized with
the conditioned media from a human colorectal carcinoma cell
line. CA19-9 is a monosialoganglioside, also known to be a
sialylated Lewis a antigen [24,25]. Although identified as a
marker for colorectal cancer, it was soon realized that it
performed better as a pancreatic cancer marker. It was
approved by the US Food and Drug Administration (FDA) for
monitoring patients with pancreatic cancer and has rapidly
become the most widely used biomarker for pancreatic cancer.

CA19-9 is the standard serum tumor marker for PDAC and
numerous studies have been published on its performance. In
two large literature reviews summarizing all the studies, the
authors found CA19-9 to have a similar range of sensitivity
and specificity, with an overall mean sensitivity of 80% and a
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mean specificity of 86% [16,26]. They further concluded that
CA19-9 elevation in non-malignant jaundice results in a signif-
icant number of false positives and they recommend combining
CA19-9 with other markers to improve its specificity.

Given the low incidence rate of PDAC, it is no surprise that
CA19-9 is not recommended by the European Group on Tumor
Markers (EGTM) [27], the American Society of Clinical Oncol-
ogy (ASCO) [28] or the National Academy of Clinical Biochem-
istry (NACB) [29] to be used in the screening of asymptomatic
individuals for pancreatic cancer. In addition to its inability to
be used for screening, CA19-9 is very limited in its ability to
diagnose pancreatic cancer, especially in early stages of the
disease. If CA19-9 is to be used for diagnostic purposes, the
NACB panel states that the marker should be used as an aid,
with an imaging test being required to confirm the diagnosis
[29].

An ideal marker should be able to provide both predictive
and prognostic information to help guide clinical decisions
[30,31]. CA19-9 has been demonstrated to have both prognostic
and predictive values in PDAC, with higher levels of CA19-9
being indicative of poorer survival rates and unresponsiveness
to adjuvant therapy. Using a cohort of 260 PDAC patients
undergoing resection surgery, it was demonstrated that pa-
tients with postoperative CA19-9 levels >90 U/ml did not have
long-term benefit from adjuvant chemotherapy compared to
those with <90 U/ml [32]. Additionally, having a normal
perioperative CA19-9 level is associatedwith the best prognosis,
having a 5-year survival rate of 42% [32]. However CA19-9 is only
one of the many parameters that should be included for
assessing prognosis and treatment decisions, and is not the
most important [29].

Another characteristic of any true cancer biomarker is its
ability to correlate with disease burden, and thus provide
information about disease activity. As a result, most cancer
biomarkers can be used for disease monitoring during or after
intervention. The serial measurements of CA19-9 after surgical
resection, chemotherapy or during palliative chemotherapy, are
recommended for diseasemonitoring. However due to its lack of
sensitivity and specificity, it is not recommended to be used
alone, and should be used along with other imaging tests to
assess patients' response to therapy [29]. In addition, it can only
be used in patients who had elevated levels prior to treatment.

Although CA19-9 is the most widely used biomarker for
pancreatic cancer, certain caveats should be kept in mind
regarding the usage of CA19-9. Firstly, elevation in a variety of
non-malignant diseases and other cancer types affects the
specificity of CA19-9. Benign diseases such as biliary obstruc-
tion, cholecystitis, chronic and acute pancreatitis, cholangitis,
obstructive jaundice, and liver cirrhosis are commonly found
to be associatedwith elevated CA19-9 levels [27]. CA19-9 is not
only found to be increased in pancreatic cancer, but also
increased in other types of gastrointestinal cancers including
gastric, colorectal, esophageal and bile duct cancer [27]. Also,
CA19-9 is not produced in approximately 5–10% of the
Caucasian population with the Lea−b− phenotype, which
prevents them from having detectable CA19-9 levels even in
an advanced disease stage [25,27,33,34]. Thirdly, CA19-9 has
poor sensitivity in early or small-diameter pancreatic tumors.
Lastly, although CA19-9 has been used for more than 30 years,
there is a lack of an international standard for CA19-9
resulting in irreproducible quantitative measurements of the
marker between assays produced by different manufacturers
[17,27,35].
3. The quest for novel pancreatic
cancer biomarkers

Over the past two decades, vast effort and millions of dollars
of investments have been contributed in hopes of discovering
biomarkers that could perform clinically superior than
CA19-9. Many papers have been reporting novel single
markers that hold promise to revolutionize the diagnosis
and management of pancreatic cancer. Most of these newly
published biomarkers produce promising results in the initial
discovery phase, but are either not adequately validated or
reported to have unsuccessful validation and thus fail to
proceed past the discovery phase. As a result, no marker has
been approved for use by the Food and Drug Administration
(FDA) in the past 25 years [36].

The discovery and validation of biomarkers is a time-
consuming and challenging process, the difficulties of which
are often underestimated. Errors and biases occur at all phases
of the discovery and validation studies and include pre-
analytical factors (population selection, sample collection,
processing and storage), analytical factors (aspects of the
assay such as its analytical sensitivity, specificity and robust-
ness) and post-analytical factors (such as data overfitting and
interpretation) [36]. These biases and errors complicate the
process of biomarker discovery and validation, and failure to
identify and correct any one of these errors can lead to the “false
discovery” of biomarkers. Barriers that preclude biomarkers to
be brought into the clinic have been addressed in detail in
recent reviews [30,36,37]. Common biases and errors would be
avoided if stringent guidelines andmethodologies are followed
such as the prospective-specimen-collection, retrospective-
blinded-evaluation (PRoBE) design [31] and the Standards for
Reporting of Diagnostic Accuracy (STARD) statement [38].
Despite the large number of potential pitfalls present in
biomarker discovery studies, there have been thorough and
well planned studies performed which have identified seem-
ingly useful biomarkers for pancreatic cancer.
4. Emerging biomarkers

In the past 5 years, over 20 papers have been published
reporting on the discovery of novel PDAC biomarkers. Most
have not advanced past the initial discovery phase and have
very little or no data supporting their clinical usefulness,
however, others do have some data supporting their clinical
usefulness and for which further validation studies are
warranted. Below we will focus on several of these novel
markers (Table 2).

DJ-1 was originally identified as a novel oncogene that
transformed mouse NIH3T3 cells when cooperating with
activated RAS [39]. There is increasing evidence that DJ-1 is
involved in AKT activation, which plays an important role in
chemoresistance and tumor development. Indeed, proteomic
analysis of lung cancer cell lines showed that DJ-1 may be a



Table 2 – Summary of emerging markers of pancreatic cancer.

Marker Assay used Sensitivity
(%)

Specificity
(%)

Sample # Reference

DJ-1 ELISA 79 79 49 PDAC, 43 CP, 40 healthy [39,43]
ELISA 77 87 128 PDAC, 62 healthy [39]

APRIL ELISA 70 86 67 PDAC, 55 benign [44]
Plectin-1 Western blot 87 98 41 PDAC, 15 CP, 4 normal [47]
PAM4 Immunoassay 82 95 68 PDAC, 19 healthy [51]
ULBP2 Bead-based immunoassay 84 74 154 PDAC, 142 healthy

(bead-based immunoassay)
[53,54]

HSP 70 Immunoelectrophoresis 74 90 23 PDAC, 12 CP, 10 normal [53]
CA19-9+ICAM-1+OPG CA19-9+CEA+TIMP-1 Bead-based immunoassay 78 94 173 PDAC, 120 healthy [59]

71 89 173 PDAC, 70 benign

ELISA, enzyme-linked immunosorbent assays; PDAC, pancreatic ductal adenocarcinoma; CP, chronic pancreatitis.
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chemoresistance-related gene [40]. Another group suggested
that DJ-1 correlates with tumor invasion and metastasis in
PDAC through the SRC/extracellular signal-regulated kinase/
urokinase plasminogen pathway [41]. DJ-1 knock-down in two
PDAC cell lines showed reduction in cell migration and
invasion ability in vitro, and inhibition of metastasis in vivo
[41]. Immunohistochemistry staining showed up-regulation
of DJ-1 in 68.5% of PDAC specimens (n=76), positive correla-
tion with PDAC stages and was able to predict PDAC invasion
[41]. Studies have also reported up-regulated levels of DJ-1 in
pancreatic juice of pancreatic cancer patients by the differ-
ence gel electrophoresis and tandem mass spectrometry
(DIGE-MS/MS), and was also found elevated in pancreatic
cancer tissue by immunohistochemistry and Western blot
[42]. Recently, two studies have found that serum levels of
DJ-1 were elevated in pancreatic cancer patients compared
with chronic pancreatitis and healthy individuals [39,43]. One
study assessed a sample set comprised of 49 PDAC patients,
43 CP patients and 40 healthy subjects; whereas the second
study compared between 128 PDAC cases versus 62 healthy
controls [39,41,43]. For both serum-based studies, case cohorts
consist of tumors from early to late stages, allowing for an
evaluation of marker expression correlating to tumor stages.

Another potential tumor marker recently reported is a
proliferation-inducing ligand (APRIL), which is a newly identi-
fiedmember of the tumornecrosis factor (TNF) superfamily [44].
TNF is a group of cytokines that play a central role in host
defense, inflammation and immune homeostasis [45]. Studies
have reported that APRIL is overexpressed in several cancer
types, especially those derived from the digestive system, and
plays a role in mediating tumor progression and invasion both
in vitro and in vivo [46]. To determine if the serum levels of APRIL
can be used to detect pancreatic cancer, serum levels of APRIL
were examined, together with CEA and CA19-9, in 67 pancreatic
cancer patients and 55 patientswith benign pancreatic diseases
[44]. It was found that APRIL is increased in pancreatic cancer
patients and showed a positive correlation with CEA and
CA19-9. They showed a sensitivity and specificity of 70.1% and
85.5% for APRIL alone, 83.6% and 80%when combinedwith both
CEA and CA19-9 and 88.1% and 78.2% when used in combina-
tion with only CA19-9 [44]. Although providing promising
results, the study was performed in a small sample set, and
lacked any patients with stage I pancreatic cancer.
PDAC is believed to progress from precursor lesions called
pancreatic intraepithelial neoplasia (PanIN), the most ad-
vanced stage (PanIN III) being commonly referred to as
carcinoma in situ [5,13]. Bausch et al. reported that Plectin-1,
is not only able to differentiate malignant PDAC from benign
chronic pancreatitis disease, it is also elevated in late PanIN III
precursor lesions as compared to early PanIN I/II lesions [47].
Their results showed that this marker may be a biomarker for
early premalignant cancers and may also be a specific novel
imaging biomarker for PDAC [47]. The strength of their work is
the apparent specificity of Plectin-1 for PDAC and high-grade
PanIN III lesions [48]. The encouraging results reported by
Bausche and colleagues is based primarily on immunohisto-
chemistry; studies to assess whether Plectin-1 can be used as
a serum-based marker are warranted.

In an immunohistochemistry study, the anti-MUC1 mono-
clonal antibody PAM4was found to not stain normal pancreatic
ductal epithelium, but was weakly staining in the early PanIN
lesions, PanIN-1A and 1B and strongly staining in invasive PDAC
specimens. PAM4-reactive antigen expression was suggested to
be associated with the early events of the development of
invasive PDAC, and may provide an opportunity for early
detection and diagnosis of PDAC [49]. Its sensitivity in detection
of PDAC was 82%, with a specificity of 95% in serum from 68
PDAC patients and 19 healthy controls [50,51]. Interestingly,
PAM4 showed a stage-dependent diagnostic sensitivity, dem-
onstrating sensitivities of 62%, 86%, 91% in patientswith stage 1,
stage 2 and advanced stages, respectively [51]. Although there is
missing information regarding sample storage, blinding or
matching, this study described a PAM4 serum assay that may
be promising in detecting early-stage PDACs. Another study also
demonstrated that combining PAM4 and CA19-9 resulted in an
overall improved sensitivity over either marker alone [52].

Dutta and colleagues reported on HSP70 as a novel serolog-
ical biomarker for detecting early pancreatic cancer as evaluat-
ed by a novel immunoelectrophoresis method developed and
validated by the authors [53]. HSP70 was found to be signifi-
cantly elevated in pancreatic cancer patients (n=23) compared
to either chronic pancreatitis patients (n=12) or healthy
controls (n=10) [53]. Although HSP70 demonstrated an accept-
able sensitivity and specificity of 74% and 90%, it failed to
differentiate betweenpatientswith pancreatic cancer and those
with chronic pancreatitis, which is a major limitation of this
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marker. Additionally, comparative CA19-9 levels were not
analyzed.

A study done by Chang et al. proteomically profiled the
secretome of two pancreatic cell lines and identified ULBP2 as
a potential biomarker [54]. It was selected for validation
because its mRNA level was significantly elevated in pancre-
atic cancer tissues [54]. Elevated levels of ULBP2 were
observed in pancreatic cancer tissues (n=67) compared to
non-malignant counterparts using immunohistochemistry.
Additionally, serum levels of ULBP2 were elevated in pancre-
atic cancer patients (n=154) compared to healthy controls (n=
142) demonstrating a sensitivity and specificity of 83.8% and
73.9% [54]. The combination of ULBP2 and CA19-9 resulted in
an AUC of 0.910, which was greater than either marker alone
[54]. Furthermore, ULBP2 (AUC=0.846) was comparable to
CA19-9 (AUC=0.839) in differentiating early pancreatic cancer
patients from healthy controls.

Besides studies reporting single novel biomarkers, there
have been an increasing number of studies that focused on
using biomarker panels to detect PDAC [55–58]. Brand et al.
reports their analysis of 83 circulating proteins in sera of
patients with PDAC (n=333), compared with benign pancre-
atic conditions (n=144) and healthy controls (n=227) [59].
Prior to analysis, samples were split randomly into training
and blind validation sets. The selectedmarkers in the analysis
included those that have been previously shown to demon-
strate diagnostic ability for pancreatic cancer (CA19-9, MIC-1,
osteoprotegerin, TIMP-1, ICAM-1, SAA, HE4), cytokines, hor-
mones, chemokines, apoptotic factors, and apolipoproteins.
In the validation set, the panel of CA19-9, ICAM-1 and
Fig. 2 – Integrative approach in identification of biomarker candi
employed an integrative discovery platform that includes the co
pancreatic juice, ascites and then filtered our candidates through
specificity which enabled the selection of the most promising ca
ELISA, being the gold standard for analyzing serum proteins, wa
patients and healthy controls for preliminary verification [62]. Mo
tissue-specific proteins using bioinformatics [71].
osteoprotegerin was best able to discriminate PDAC patients
from healthy controls with a sensitivity and specificity of 78%
and 94%; whereas the best panel to discriminate PDAC from
benign controls was CA19-9, CEA and TIMP-1 with a sensitiv-
ity and specificity of 71% and 89% [59]. In comparison to other
biomarker panel studies, the strengths of this study are
inclusion of a large, well annotated sample size, appropriate
disease and control groups, standardized sample processing
and thorough data analysis.
5. In-house integrative proteomics for the
identification of pancreatic cancer biomarkers

Most discovery-phase papers report biomarkers identified
from a single biological source. However, PDAC is a heteroge-
neous cancer, and thus no single biological material or model
is able to recapitulate all aspects of the disease [60]. Using a
single type of biological material for discovery will both limit
the number of true biomarkers discovered as well as hinder
the ability to identify and exclude false discoveries. Since
every approach has its own advantages and disadvantages,
we, and others, hypothesized that using multiple approaches
will complement each other and lead to the discovery of more
useful biomarkers [60,61].

Our lab has performed an in-depth proteomic analyses
using LC-MS/MS on multiple biological materials and inte-
grated our data with those from several publically available
databases to identify promising PDAC biomarker candidates
(Fig. 2) [62,63].
dates and follow-up validation study using ELISA. We
mparison of proteomes of cell line conditioned media (CM),
mining publically available databases, ensuring tissue

ndidates for verification [62,63]. Of the derived candidates,
s performed in plasma samples from pancreatic cancer
re recently, we identified additional candidates by identifying
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5.1. Integrative proteomics approach

Comprehensive proteomic analyses were performed on CM
from six pancreatic cancer cell lines, a near-normal human
pancreatic ductal epithelial cell line and two pools of pancreatic
juice containing a total of six samples from PDAC patients. A
total of 3479 non-redundant proteins were identified with high
confidence in our combined analysis representing one of the
largest and most comprehensive proteomes published on
pancreatic cancer-relevant biological fluids in a single study
[62].

Selecting promising candidates for verification is a major
challenge for most high-throughput discovery studies. In this
study, we had developed a multistage approach for prioritiz-
ing and generating appropriate candidates utilizing Gene
Ontology classifications of protein function, differential pro-
tein expression using label-free quantification, comparative
analysis with the integration of pancreatic juice and pancre-
atic cancer ascites fluid proteome and tissue specificity by
mining a wide range of publically available databases [62,63].

5.2. Our in-house protein candidates

Five candidates, Anterior Gradient Homolog 2 (AGR2), Syncollin
(SYCN), Olfactomedin-4 (OLFM4), Collagen alpha-1 (VI) chain
(COL6A1) and Polymeric Imunoglobulin Receptor (PIGR) showed
a significant increase (p<0.01) in the plasma taken from 20
pancreatic cancer patients and 20 healthy controls of similar
age and sex [62]. Each of our five protein candidates was able to
complement CA19-9 and the combination of our five novel
biomarkers also demonstrated the potential to match the
sensitivity and specificity of CA19-9 [62].

Given that AGR2 was previously shown to be associated
with tumor invasion and metastasis [64,65], its elevation in
plasma samples shown by our ELISA data warrants further
evaluation of this protein in a larger sample set. In our study
OLFM4 was found overexpressed in multiple biological
sources, and studies by others have shown that OLFM4 may
have a role in proliferation [66]. SYCN is a zymogen granule
protein which is shown to be highly specific to the pancreas,
however its role in pancreatic cancer remains to be elucidat-
ed. Our preliminary verification study has provided evidence
that the combination of our five novel biomarkers has the
potential to improve on the sensitivity and specificity of
CA19-9 for detecting pancreatic cancer. Limitations that we
acknowledge in our preliminary verification study are the
small sample size and the inclusion of mostly late-stage PDAC
patient samples. Hence, we have conducted studies to
validate these markers in a larger sample set (n=432), which
include early stage cancer and benign pancreatic diseases,
and some continue to show promise in identifying pancreatic
cancer [67].
6. Conclusion and future thoughts

Existing biomarkers for pancreatic cancer are neither sufficient-
ly sensitive nor specific enough to detect early stage disease, or
differentiate benign from malignant disease. Although some
potential biomarkers show adequate sensitivity, most show
poor specificity due to their elevation in other non-cancer
specific diseases [60]. Additional serumbiomarkers are urgently
needed to improve on CA19-9 in pancreatic cancer diagnosis,
given that the earlier the patient is diagnosed, the higher the
chance of survival. The current status of pancreatic cancer
research boasts a number of discovery studies that provide
many leads in potential pancreatic cancer biomarkers, but
subsequent validation and verification of these leads are
lagging. Although many novel biomarkers are discovered, very
few turn out to be clinically useful. The problems and
difficulties faced in biomarker discovery and validation are
abundant and should not be underestimated when designing
strategies and experimental studies. Researchers should make
sure to use clearly annotated clinical specimens, use appropri-
ate control groups, include large numbers of samples and
standardize sample handling in order to generate reliable data
[31].

Our discovery efforts utilized an integrated proteomic analy-
sis ofmultiple biological sources related to pancreatic cancer and
identified five proteins which were found to be elevated in
plasma from pancreatic cancer patients. Further validation of
these five proteins is underway with the aim of developing and
validating a biomarker panel for pancreatic cancer.

Although recent estimates on the time course of pancre-
atic cancer development suggest that the tumor resides for
approximately a decade before it metastasizes, evidence from
screening studies show that some tumors can progress from a
non-invasive to metastatic state within a short period of time
[68,69]. One of the primary goals of pancreatic cancer
diagnosis is the screening of high risk population to detect
pancreatic precursor lesions or early non-invasive pancreatic
cancer.

We should also bear in mind that lead time bias can be a
major factor affecting the usefulness of potential biomarkers
[70]. However, given that the only curative treatment for
pancreatic cancer is the surgical resection of early stage
disease, there is a great need to identify biomarkers that can
detect early pancreatic cancer, or its premalignant lesions, in
order to provide the opportunity for this potentially curative
surgery to be performed.
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